We report on prognostic implications for postrelapse survival (PRS) of a gene expression profiling (GEP)-defined risk score at relapse available in 120 myeloma patients previously enrolled in tandem transplantation trial Total Therapy 2. Among the 71 patients with additional GEP baseline information, 3-year PRS was 71% in 40 patients with low risk present both at baseline and relapse contrasting with only 17% in 28 patients with high risk at relapse, 12 of whom with baseline low-risk status fared better than the remainder (P ‫؍‬ .08). On multivariate analysis of relapse parameters available in 104 patients, high risk conferred short PRS (hazard ratio ‫؍‬ 4.00, P < .001, R 2 ‫؍‬ 33%), whereas relapse hyperdiploidy predicted long PRS (hazard ratio ‫؍‬ 0.37, P ‫؍‬ .022, cumulative R 2 ‫؍‬ 41%).
Introduction
We have previously reported on the discriminatory power of gene expression profiling (GEP) of highly purified plasma cells from patients with multiple myeloma. Thus, developed in Total Therapy 2 (TT2) and validated in Total Therapy 3 (TT3), 1 the approximately 15% of patients presenting with GEP-defined high-risk multiple myeloma had a vastly inferior overall survival and event-free survival than their low-risk counterparts. These prognostic implications have since been validated in high-dose therapy programs by the Mayo Clinic group 2 and in a salvage trial using dexamethasone or bortezomib. 3 We are now reporting on the prognostic implications of such GEP studies performed at the time of relapse in patients initially enrolled in TT2.
Methods
The details of the TT2 regimen and clinical outcomes have been reported previously. 4, 5 Here we focus on 120 of a total of 276 relapsed patients for whom GEP studies were performed at the time of relapse; 71 of the 120 had such data also available before initiation of TT2, compared with 51 in our previous report, 6 with an additional 15 months of follow-up. In keeping with the original study design, the current evaluations had been preplanned, and all patients had signed an informed consent in keeping with institutional, Food and Drug Administration, and Helsinki Declaration guidelines. The protocol had been approved by the Institutional Review Board of the University of Arkansas for Medical Sciences. A federally accredited audit team had reviewed the charts of approximately two-thirds of all patients enrolled for protocol adherence, response, and toxicity.
Kaplan-Meier methods were used to generate survival distribution graphs, 7 and comparisons were made using the log-rank test. 8 Running log-rank tests were used to determine optimal cut points for durations of response. 9 Multivariate analyses applied stepwise selection and Cox proportional hazard regression modeling. 10 
Results and discussion
Of 668 patients initially enrolled in TT2, 405 had an event and 287 had died as of January 25, 2009. GEP data were available in 120 at relapse, of whom 71 also had such investigations performed at baseline. Their characteristics at relapse and at baseline are depicted in Table 1 . Considering all 120 patients, relapse features included greater proportions of patients with cytogenetic abnormalities, older age (Ն 65 years), and low platelet counts (Ͻ 150 000/L), whereas low serum albumin (Ͻ 3.5 g/dL), high C-reactive protein (Ն 8 mg/L), and low hemoglobin levels (Ͻ 10 g/dL) were underrepresented at relapse. Some of these differences also extended to the 71 patients for whom, in addition to standard laboratory variables, GEP characteristics were available.Among the latter, the high-risk category was overrepresented at relapse (Table  1) . Subgroup designations were maintained in all 5 CD-1, 3 of 4 CD-2, all 3 MF, 14 of 15 MS, and 15 of 21 hyperdiploidy subgroup patients. Seven of 8 patients with baseline PR annotation relapsed with this characteristic; an additional 10 evolved from other subgroups, including 3 from the hyperdiploidy subgroup. TP53 deletion status, gleaned from expression levels, 11 was observed more frequently at relapse than at baseline (23% vs 8%, P ϭ .014 when all patients were considered; 19% vs 8%, P ϭ .067 among the 71 with paired observations).
Postrelapse survival (PRS) was similar among the patients with and without GEP data at relapse (data not shown). The 3-year PRS estimate was significantly lower (17% vs 62%, P Ͻ .001) among the 46 patients relapsing with high-risk compared with the 74 relapsing with low-risk GEP features ( Figure 1A) . Among the 71 patients with both baseline and relapse GEP data, the best outcome was observed in the 40 patients with low-risk designation at both time points with a 3-year PRS estimate of 71% ( Figure 1B) . Among the 28 patients with high-risk values at relapse, the 16 with low-risk myeloma at baseline fared better than the 12 with high-risk disease before initial therapy (P ϭ .08). Two of only 3 patients with baseline high-risk myeloma who relapsed with a low-risk score have died. In the context of molecular subgroup designation at relapse, available for 104 of the 120 patients with relapse GEP data, PR (n ϭ 32), MS (n ϭ 26), and MF assignments (n ϭ 5) together constituted a poor-risk category of 63 patients with 3-year PRS of 30% as opposed to 69% in the remaining 41 patients (P Ͻ .001; Figure 1C ).
We next examined whether PRS was affected by the duration of response before relapse. Applying running log-rank statistical methodology, PRS was significantly longer when partial response status was maintained for at least 2 years as opposed to an earlier relapse scenario ( Figure 1D ). Considering both partial response duration before relapse and GEP risk designation at relapse, PRS was similar in the 74 patients with low-risk features regardless of prior response duration. However, for the 46 with high-risk myeloma, the 14 with prerelapse response duration of at least 2 years had a 3-year PRS estimate of 42% compared with 9% among the 32 patients, in whom a partial response status had not been maintained for this duration (P ϭ .026; Figure 1E ).
Among 11 variable categories examined at baseline before initiation of the TT2 program, only the high-risk GEP feature was associated with inferior PRS (Table 2 ). Consideration of the same 11 parameter categories at relapse revealed adverse implications, on univariate analysis, for renal insufficiency (creatinine Ͼ ϭ 2 mg/ dL), anemia (hemoglobin Ͻ 10 g/dL), cytogenetic abnormalities, GEP-defined high-risk, and the MF/MS/PR subgroup combination, whereas the hyperdiploidy designation was prognostically favorable. Sustaining partial response status for at least 2 years was an additional favorable variable for PRS. The observed differences in PRS among patients relapsing with low-risk versus high-risk myeloma were unrelated to initial CR rate (53% vs 41%, P ϭ .224) and to the salvage regimens used, except for more frequent use in high-risk relapse of DT-PACE or VTD-PACE combination chemotherapy (Table 3) : PACE indicates cisplatin 10 mg/m 2 , doxorubicin 10 mg/m 2 , cyclophosphamide 400 mg/m 2 , etoposide 40 mg/m 2 , all daily for 4 consecutive days but continuous intravenous infusion; DT-PACE, with added dexamethasone 20 to 40 mg/day for 4 days and thalidomide 100 to 200 mg/day for 4 days; VTD-PACE, plus bortezomib 1.0 to 1.3 mg/m 2 on days 1 and 4. More of the high-risk than low-risk relapses had been initially randomized to thalidomide (57% vs 36%, P ϭ .032).
A multivariate analysis of both baseline and relapse parameters along with response duration revealed, in the context of GEP data, only 2 GEP-derived variables to be independently significantly associated with PRS: high-risk designation, pertinent to 37%, predicted short PRS (hazard ratio [HR] ϭ 4.00, P Ͻ .001, R 2 ϭ 32.8%), whereas the hyperdiploidy subgroup designation, present in 20%, imparted prolonged PRS (HR ϭ 0.37, P ϭ .022, for a cumulative R 2 value of 40.8%). In the absence of GEP parameters, the presence of cytogenetic abnormalities and elevated creatinine levels (Ն 2 mg/dL), present in 68% and 9%, respectively, predicted short PRS (HR ϭ 2.57, 2.89; P ϭ .002, .009), whereas partial response duration of at least 2 years, pertaining to 50%, favored longer PRS (HR ϭ 0.51, P ϭ .014).
Thus, as in other malignancies, 12 short duration of disease control in myeloma implied short PRS. Our data extend the powerful prognostic implications of GEP-defined risk to the PRS setting where, univariately, both relapse and baseline high-risk annotation imparted poor PRS. Adjusting for all variables that impacted PRS individually, GEP-derived high-risk designation at relapse was a poor and hyperdiploidy a favorable prognostic parameter. In the context of prior response duration, high-risk GEP status at relapse tended to shorten PRS among the longer prerelapse responders but was a powerful discriminator of PRS among patients with shorter initial response. Results presented here indicate that the predictive power of GEP-defined risk, developed in TT2 and validated in another front-line setting of TT3, extends to PRS after TT2 unrelated to the salvage therapies used. Recognizing that GEP risk status increases at relapse in a sizeable proportion of patients, GEP analysis should be repeated on treatment failure so that salvage strategy can be selected according to this powerful risk-discriminating tool. Whereas translocation-pertinent molecular subgroup designation was largely maintained at relapse, the hyperdiploidy group was the major contributor to the increased occurrence of PR designation at relapse. Toward advancing the lot of patients with high-risk myeloma, we recommend that GEP analysis should be an integral part of novel drug testing as already executed in the case of bortezomib. 3, 13 
